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(1.4)																	𝐹𝑖𝑡 𝑡 = 𝐴 + 𝐵𝑒-(














































































































































































































































Measurements	 t0	(fs)	 A	(µV)	 B	(µV)	 C	(µV)	 D	(µV)	 t1	(fs)	 t2	(fs)	 a	(fs)	 b	(fs)	
Transmission	
Flake	1	
70	 2.87	 -0.055	 -0.0135	 8.8	 57	 59	 >10000	 200	
Transmission	
#1	Flake	2	
70	 6.7	 -0.59	 0.375	 -0.03	 57	 59	 -	 320	
Transmssion	
#2	Flake	2	
115	 2.5	 -0.2	 -1.3	 -0.03	 57	 59	 -	 260	
Reflection	
Flake	1	
45	 22.6	 0.98	 -3.4	 -0.3	 57	 59	 >10000	 330	
Reflection	
Flake	2	
53	 2.314	 0.06	 -0.2	 -0.3	 57	 59	 >10000	 310	
	
B.	Comparisons	with	literature	
	 Two	faster	relaxation	times	of	black	phosphorus	nanosheets,	flakes	which	consist	of	only	
a	few	layers	of	atoms,	during	transmission	measurements	have	been	reported	to	be	between	
15-32	fs	and	320-1360fs	depending	on	the	excitation	wavelength	used.4	A	much	longer	
relaxation	time	of	150	ps,	not	dependent	on	wavelength,	has	also	been	reported.3	Other	
researchers	have	used	a	pump/probe	system	which	produces	pulses	of	approximately	100fs.3,4	
The	probe	light	source	can	also	be	different	than	wavelength	of	the	pump	wavelength	to	
elucidate	different	transistions.3,4	For	our	experiment,	we	split	the	laser	to	create	the	pump	and	
the	pulse	which	had	the	same	wavelength.	Some	pump	wavelengths	that	have	been	used	in	
previous	experiments	include	800,	1300,	1550,	1600,	2000,	and	2026nm.	As	seen	in	the	flake	#2	
transmission	data,	the	lifetime	is	approximately	around	1000fs	or	1ps.	This	is	accordance	for	
what	is	seen	in	literature	for	the	very	thin	nanosheets.4	However,	the	data	which	we	collected	
for	reflection	shows	a	much	longer	lifetime	than	this,	~10000fs.		
V.	Conclusion	
	 The	black	phosphorus	flakes	showed	responses	to	photoexcitation	for	both	reflectivity	
and	transmission	measurements.	For	both	flakes,	a	longer	relaxation	time	was	seen	in	the	
dynamic	reflectivity	compared	to	the	dynamic	transmissivity.	One	reason	for	this	may	have	to	
do	with	the	different	band	structure	of	black	phosphorus	at	different	parts	of	the	sample	
therefore	affecting	the	available	transitions	that	are	possible	between	different	energy	levels.	
Another	reason	may	that	there	are	a	lower	number	of	vibrational	modes	available	at	the	
surface	compared	to	within	the	sample	in	bulk	resulting	in	a	longer	lifetime	of	the	excited	
states.	For	the	transmission	measurement	of	flake	#2,	the	relaxation	time,	t,	was	calculated	to	
be	approximately	240fs	using	equation	(1.3).	The	transmission	measurement	of	flake	#1	did	not	
show	a	similar	signal	compared	to	flake	#2.	One	reason	for	this	may	be	that	the	thickness	of	the	
flake	#1	is	different	from	flake	#2	therefore	affecting	the	transmission	of	photons	and	the	
signal.	It	may	also	be	due	to	the	sample	not	reaching	complete	saturable	absorption.	
	 The	reflection	measurements	showed	similar	character	with	a	much	larger	relaxation	
time.	Due	to	limitations	of	the	motor	translation	stage,	we	could	not	scan	across	a	significantly	
long-time	period.	This	prevented	us	from	obtaining	an	accurate	measurement	of	the	relaxation	
time	for	the	reflection	measurements.		
	 Across	all	measurements	we	saw	an	initial	decrease	in	the	signal	which	may	be	evidence	
of	non-linear	absorption	such	as	two-photon	absorption	spoken	about	before.	This	process	may	
be	competing	with	saturable	absorption	during	the	excitation	of	the	pulse.	It	is	possible	that	the	
changing	in	sign	of	the	signal	is	due	to	the	orientation	of	the	sample	with	respect	to	the	linear	
polarized	pump	pulse.	Defects	within	the	sample	and	on	the	surface,	may	also	have	an	effect	on	
the	relative	shape	of	the	signal.		
	 Improvements	can	be	made	to	the	laser	system	in	order	to	make	the	measurements	
more	precise	in	the	future.	For	example,	the	translation	stage	for	the	sample	holder	is	only	able	
to	make	small	changes	in	distance	along	a	horizontal	plane.	A	three-dimensional	translation	
stage	would	help	with	making	movements	along	the	vertical	axis	as	well.	Currently	a	
photodetector	is	observing	the	scattered	light	coming	from	the	sample	through	a	magnifying	
lens.	An	imaging	system	that	would	illuminate	the	sample	on	a	background	similar	to	a	
microscope	would	help	with	identifying	the	position	of	the	laser	on	a	small	sample.	Adding	in	a	
larger	range	for	the	motor-controlled	translation	stage	connected	for	the	probe	beam	path	
would	allow	for	a	larger	time	scale	to	be	observed	during	a	measurement.	Finally,	having	a	
sample	mount	which	could	rotate	the	orientation	of	the	sample	with	respect	to	the	pump	pulse	
would	help	elucidate	how	absorption	changes	with	polarization.		
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